Introduction {#Sec1}
============

Diabetes mellitus (DM) with autosomal dominant inheritance, i.e., maturity-onset DM of the young (MODY), is a heterogeneous group of diseases caused by gene mutations that resulting in pancreatic β-cell dysfunction \[[@CR1]--[@CR4]\]. Verification of MODY allows for successful patient management, ensuring a healthy pregnancy and provision of genetic counseling to families \[[@CR5]--[@CR7]\]. Examination of relatives of MODY probands makes it possible to diagnose hyperglycemia in the preclinical phase.

To date, 14 genes have been identified to be associated with MODY. Mutations in each of these genes lead to the development of different MODY subtypes, differing in population distribution, in clinical features, and in management strategies \[[@CR1], [@CR8]--[@CR10]\]. Despite the significant variation in the prevalence of individual forms of the disease in different populations, mutations in the genes coding for hepatocyte nuclear factor 1α (*HNF1A*) and glucokinase (GCK) are dominant types of mutation associated with MODY, namely, subtypes MODY3 (MODY-HNF1A) and MODY2 (MODY-GCK), respectively \[[@CR11]\]. These subtypes account for up to 90% of all MODY cases \[[@CR12]\]. In the UK, the Netherlands, and Denmark, the most common form of monogenic diabetes is MODY-HNF1A, whereas in Spain, Italy, France, Germany, and the Czech Republic, MODY-GCK prevails \[[@CR13]\]. In Russia, the incidence of MODY-GCK and MODY-HNF1A is approximately equal \[[@CR14]\].

In this report, we describe a clinical case in a family with MODY-HNF1A associated with a novel mutation in *HNF1A*.

Case Description {#Sec2}
================

A 50-year-old woman with DM has been regularly visiting our department and her condition closely monitored. During the initial examination in September 2015, she complained of a burning sensation in the legs during the day, periodic headaches, and fatigue.

At the age of 12 years, symptoms of dry mouth and weakness appeared following the consumption of large amounts of carbohydrate-containing foods. These complaints lasted for approximately 2 months. During a routine medical check-up, the girl received a diagnosis of fasting (7 mmol/L) and postprandial hyperglycemia (11 mmol/L) and glycosuria; she did not have excess body weight, and there was no ketosis or ketoacidosis. Her weight and height corresponded to her age, and there were no signs of insulin resistance, such as acanthosis nigricans. Concomitant pathology and cardiovascular diseases were absent. Autoimmune processes were not detected, and antibodies to B cells were absent. As recommended by the physicians, she went on a diet restricting the intake of easily digestible carbohydrates. The patient was advised to participate in physical activities on a regular basis. Until 1987, she was normoglycemic on this adjusted lifestyle. In 1987, at age 21 years, she became pregnant for the first time, and in week 22 of the pregnancy, a diagnosis of gestational DM was made. Insulin therapy as the basal-bolus regimen was initiated. In 1988, stimulated delivery (36 weeks) resulted in a birth of a boy weighing 4000 g. After the delivery, the insulin therapy was discontinued, and the patient remained on a strict diet. From 1988 to 1994, she was normoglycemic following this regimen of a strict diet and a regular physical activity. In 1994, at the age of 28 years, stress-associated carbohydrate metabolism decompensation developed, with fasting glycemia (10 mmol/L), postprandial glycemia (16 mmol/L), glycosuria, ketonuria, and a weight loss of 7 kg. Insulin therapy as the basal-bolus regimen was resumed and is currently maintained. The patient uses insulin Degludec at the dose of 10 U/day and insulin aspart at 1 U per carbohydrate unit (CU) (averaging 18--20 U/day). From 1994 to 2002, fasting glycemia was in the range of 6--8 mmol/L, and postprandial glycemia ranged from 6 to 10 mmol/L. In 2002, she was diagnosed as non-proliferative diabetic retinopathy with peripheral polyneuropathy. She had no other diabetic complications or comorbidities. Since 2012, the patient has not been examined by an ophthalmologist; therefore, the stage of retinopathy at this time is not known. Testing for pancreas islet cell antibodies (ICAs) and anti-glutamic acid decarboxylase (GAD) antibodies yielded negative results. The C-peptide level was 338 pmol/L (reference range 298--2350), and glycated hemoglobin (HbA1c) was 7.7%. Blood biochemical analysis identified a moderate increase in low-density lipoprotein (LDL) cholesterol: 3.4 mmol/L (reference values are \< 2.6 mmol/L). The body--mass index (BMI) is 24.5 kg/m^2^.

Due to a family history of DM, the son of the proband limited his consumption of easily digestible carbohydrates in childhood and adolescence and was monitored regularly for glycemia; hyperglycemia has not been detected to date. In the same periods, there were no problems with body weight. At age 21, he developed stress-associated symptoms of headaches, fatigue, and sleep disorder. Examination identified fasting (8--10 mmol/L) and postprandial (12.8 mmol/L) hyperglycemia, resulting in a diagnosis of DM. Treatment with sulfonylurea (SU) preparations was recommended, but the patient opted for the basal-bolus regimen of insulin therapy. Currently, he uses insulin degludec at 6 U/day and insulin aspart at 1 U/CU (averaging 15 U/day). Antibodies to β-cells and GAD are absent. The basal C-peptide level is low: 260 pmol/L (reference range 298--2350); HbA1c is 7.1%. Blood biochemical analysis revealed an increase in LDL cholesterol (3.2 mmol/L; reference values \< 2.6 mmol/L). No diabetes-related complications have been detected. The respiratory, cardiovascular, and digestive systems of the patient are free of pathologies. Pulse in the feet is adequate, and the sensitivity is normal. Signs of insulin resistance are absent, and the BMI is 22.4 kg/m^2^.

The mother of the proband is now 72 years old. The diagnosis of DM in her daughter contributed to regular control of glucose. Hyperglycemia was diagnosed at the age of 45 years during a routine examination; no complaints were registered, and she had no problems with weight. Postprandial hyperglycemia was usually observed. The patient attained and maintained normoglycemia via diet therapy for 2 years, then by taking gliclazide for 5 years. At age 52 years (1997), carbohydrate metabolism decompensation presented, mostly as postprandial hyperglycemia; insulin actrapid was prescribed (instead of gliclazide) at 0.5 U/CU, which the patient is currently taking. The mother of the proband was diagnosed with diabetic peripheral polyneuropathy with dyslipidemia. Among comorbidities, there are arterial hypertension since age 40 years (without permanent hypotensive therapy) and esophagus diverticulum.

The proband, her mother, and her son have received higher education, do not smoke, and adhere to the dietary and physical exercise regimen recommended for DM.

In the family history of the proband, DM was also present in her maternal grandmother and great-grandfather, i.e., in five generations (Fig. [1](#Fig1){ref-type="fig"}a). The disease in both relatives manifested at the age of 65--66 years against the background of long-term stressful conditions. The great-grandfather took the medications of SU (carbutamidum) and died at age 74 years after repeated acute cerebrovascular disease. The grandmother also took SU (gliclazide) medications in doses smaller than the average therapeutic ones, with good glycemic control, and died at the age of 91; her medical history included arterial hypertension and a repeated acute cerebrovascular disease.Fig. 1**a** Family history and the novel variant of the gene encoding hepatocyte nuclear factor 1α (*HNF1a*) in a family with inherited diabetes mellitus (DM). Asterisk indicates medically examined HNF1a Ser6Arg mutation carriers. **b** Conserved amino acid sequence of the *HNF1a* gene among various species. **c** Sequence with amino acid substitution

The proband, her son, and her mother presented with dyslipidemia at a young age, and other relatives who had DM developed macrovascular complications at an advanced age. Almost all of these patients achieved and maintained normoglycemia for some time via the recommended diet; this result is indicative of a non-aggressive onset of this type of DM. In the proband, her son, and her mother, all of whom used pharmacotherapy to manage their DM, stress-induced carbohydrate metabolism decompensation eventually developed, leading to dose escalation.

Because of the characteristic features of the disease (familial aggregation of DM, dyslipidemia, and macrovascular complications, a blood glucose increase at normal body mass, the use of small doses of insulin, the stable C-peptide level, and no anti-islet antibodies), MODY-HNF1A was suspected.

The study protocol was approved by the local Ethics Committee of the Institute of Internal and Preventive Medicine (a branch of the Institute of Cytology and Genetics, the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia). Written informed consent to be examined and to participate in the study was obtained from each patient. For individuals younger than 18 years, the informed consent was signed by a parent or legal guardian. Genomic DNA for sequencing was isolated from leukocytes of the venous blood by phenol--chloroform extraction \[[@CR15]\].

Forward and reverse primers for exons and exon boundaries were designed in the Primer-Blast software (<https://www.ncbi.nlm.nih.gov/tools/primer-blast/>). The oligonucleotides are shown in Electronic Supplementary Material Table 1. PCRs were set up using BioMaster LR HS-PCR (2×) (BiolabMix, Novosibirsk, Russia). The PCR program consisted of an initial denaturation at 94 °C for 3 min, followed by 35 cycles at 94 °C for 30 s, 68 °C for 30 s, and 72 °C for 50 s. The PCR products were evaluated by electrophoresis in a 5% polyacrylamide gel after visualization with an ethidium bromide solution. A 100-bp DNA ladder (SibEnzyme, Novosibirsk, Russia) was run on each gel as molecular size markers. The amplicons were purified using Agencourt AMPure Xp beads (Beckman Coulter, Palo Alto, CA). The sequencing reactions were carried out on an automated ABI 3500 DNA sequencer (Thermo-Fisher Scientific, Waltham, MA) with the BigDye Terminator v3.1 Cycle Sequencing kit (Thermo Fisher Scientific). The sequences were analyzed using Vector NTI® Advance software (Thermo Fisher Scientific). The hg19 version of the human genome served as a reference sequence for the alignment.

The method of direct automated Sanger sequencing was applied to the DNA of the proband and to the DNA of the available members of her family, i.e., the proband's mother, son, and normoglycemic granddaughter aged 2 months, to analyze exons and splice sites of the *HNF1A* gene. The examination revealed a novel heterozygous Ser6Arg substitution (AGC \> AGA) in exon 1 of the *HNF1A* gene in all family members tested. This substitution is located in a highly conserved region. The affected position is also conserved among species (Fig. [1](#Fig1){ref-type="fig"}b) and is located in the domain responsible for protein dimerization \[[@CR16]\]. The possible functional and significant effects of *HNF1A* missense variants were predicted by means of in silico tools PolyPhen-2 v.2.2.5 \[[@CR17]\], SIFT, and PROVEAN \[[@CR18]\]. The Web services PolyPhen-2 v.2.2.5 and PROVEAN/SIFT predict a possible impact of an amino acid substitution on the structure and function of a human protein. The detected variant was predicted to be 'potentially pathogenic' by PolyPhen-2, with a score of 0.815, and 'damaging' by SIFT with a score of 0.001.

In the HUNT2 study,, the potentially pathogenic mutation Ser6Arg was detected in codon 6, but at another nucleotide position, AGC \> AAC, in a Norwegian patient with MODY \[[@CR19]\]. It was not detected in 838 Norwegian non-diabetic HUNT2 control subjects.

We tested the *HNF1A* gene for Ser6Arg in three groups. The first group consisted of 564 randomly selected patients, the second group comprised 188 patients with DM type 2 (DM2), and the third group comprised 126 patients with the MODY phenotype. All analyses were conducted at the Institute of Internal and Preventive Medicine, Novosibirsk.

The general patient group included in the analysis was selected from a survey of the population interviewed within the framework of the HAPIEE project \[[@CR20]\], Novosibirsk, Russia (9360 participants, aged 45--69 years, and 50% men, 97% Caucasians). A total of 564 randomly selected patients (mean age 54.2 ± 0.4) were included in our study. The DM2 group consisted of 68 women and 87 men \[mean age 59.0 ± 6.7 years; mean BMI 31 kg/m^2^ (men) and 32 kg/m^2^ (women)\]. The DM2 sample was arbitrarily selected from the HAPIEE project \[[@CR20]\]. We used the criteria of the American Diabetes Association (<http://care.diabetesjournals.org/content/40/Supplement_1>) for the diagnosis of DM2. A total of 126 patients with the MODY phenotype (mean age 23.8 ± 2.6 years) underwent a full medical examination a some specified time between 2014 and 2017, including a biochemical blood test; determination of HbA1c, C-peptide, GAD, ICA, thyroid status, and microalbuminuria; abdominal and renal ultrasonography; real-time continuous glucose monitoring with Medtronic Paradigm MMT-722 (Meditronic, Dublin, Ireland); and genetic tests.

Ser6Arg was genotyped using the TaqMan SNP assay (BioLabMix, Novosibirsk, Russia) and the StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, USA).

Testing for the Ser6Arg substitution in the *HNF1A* gene yielded negative results in the population sample of HAPIEE, in the sample of 188 subjects with DM2, and among the 126 patients with a clinical pattern of MODY.

Discussion {#Sec3}
==========

Young patients with a carbohydrate metabolism imbalance may receive a diagnosis of type 1 diabetes mellitus (DM1), DM2, or rarer monogenic forms of DM \[[@CR21]\]. The onset of our patient's disease was characterized by a lack of some features of the most common types of DM. The absence of ketonuria and ketoacidosis is atypical; no antibodies to GAD or ICA were detected, which are present in more than 70% of patients with manifestations of DM1 \[[@CR22]\]. The C-peptide level was normal, but this result can be observed at the early stages of DM1. The patient was not overweight and did not have clinical manifestations of insulin resistance, such as acanthosis nigricans, which is characteristic of early-onset DM2 \[[@CR23]\]. The diagnosis of MODY was supported by the DM diagnosis in five generations, stable C-peptide secretion, and dyslipidemia at a young age without overweight.

This case shows specific features of DM associated with the novel potentially pathogenic mutation Ser6Arg in the *HNF1A* gene. This gene encodes one of the transcription factors regulating the expression of genes associated with lipid and carbohydrate metabolism and the synthesis of acute-phase proteins \[[@CR3]\]. This may account for the presence of dyslipidaemia and, as a consequence, cardiovascular diseases in patients with mutations in the *HNF1A* gene. Patients with diabetes and *HNF1A* mutation carriers have a glucose-induced disturbance of insulin secretion. The fasting C-peptide level remains within the reference range for a long time, as seen in this clinical case, and no insulin resistance is detected \[[@CR6]\]. Until the age of 10 years, the majority of carriers of other *HNF1A* mutations have fasting normoglycemia; in adolescents, fasting glycemia is slightly higher than the upper limit of the reference range followed by progressive impaired glucose tolerance and postprandial hyperglycemia most of the time \[[@CR24]\], as seen in the clinical case under study. Generally, the disease manifests itself mostly in the post-pubertal period; the average age of hyperglycemia diagnosis is 21--26 years. Localization of the mutation in gene *HNF1A* is known to affect the age at which the MODY diagnosis is confirmed. Thus, the average age of MODY diagnosis is 7 years less if the mutation is located in exons 1--6 of the *HNF1A* gene (in contrast to exons 8--10 of the gene) \[[@CR8]\].

In the clinical case presented, the substitution was detected in exon 1, the age of hyperglycemia detection in the proband was 12 years, but DM manifested itself at the age of 21 years.

The earliest clinical marker for the disease may be glycosuria, which is related to impaired renal glucose reabsorption \[[@CR1]\]. There have been documented cases of micro- and macrovascular complications in MODY-HNF1A patients, which highlights the need to control blood glucose levels in these patients \[[@CR25]\]. The relatives of the proband also showed macrovascular complications.

In addition to the development of DM, mutations in the *HNF1A* gene are related to liver neoplasms, such as hepatocellular adenoma (a rare benign hepatic tumor that generally occurs in young women using oral contraceptives), and, in rare cases, to hepatocellular carcinomas \[[@CR26]\]. Generally, clinical manifestations of MODY-HNF1A range from subclinical hyperglycemia to pronounced decompensation of carbohydrate metabolism among different patients and even among relatives in the same family with a pathogenic mutation \[[@CR10]\].

SU preparations (SUP) are the main treatment. *HNF1A* mutation carriers are known to be more sensitive to the hypoglycemic effects of SUP than are DM2 patients \[[@CR1]\]. In the case under study, the proband's mother was able to achieve normoglycemia when taking SUP, also for extended periods. According to the literature, approximately 50% of MODY-HNF1A patients with progressive disease require insulin therapy \[[@CR27]\].

Manifestation of DM during pregnancy, accompanied by a substantial increase in glycemia, the lack of ketosis, development of microvascular complications (retinopathy and neuropathy) with a short clinical course, and a combination of hyperglycemia with dyslipidemia are the specific signs of DM in the patient under study.

Conclusion {#Sec4}
==========

This case reveals unusual features of DM associated with the novel Ser6Arg substitution in the *HNF1A* gene (subtype MODY3). This nucleotide change was not detected in a general population sample and was able to cause MODY3 in the proband and her family. This case illustrates the particular importance of a personalized approach to diagnosis and treatment for identifying an atypical course of DM in the young with a family history of hyperglycemia.
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